Abstract Urbanization influences hydrologic cycle significantly on local, regional even global scale. With urbanization the water resources demand for dense population sharpened, thus it is a great challenge to ensure water supply for some metropolises such as Beijing. Urban area is traditionally considered as the area with lower evapotranspiration (ET) on account of the impervious surface and the lower wind speed. For most remote sensing models, the ET, defined as latent heat in energy budget, is estimated as the difference between net radiation and sensible heat. The sensible heat is generally higher in urban area due to the high surface temperature caused by heat island, therefore the latent heat (i.e. the ET) in urban area is lower than that in other region. We estimated water consumption from 2003 to 2012 in Beijing based on water balance method and found that the annual mean ET in urban area was about 654 mm. However, using Surface Energy Balance System (SEBS) model, the annual mean ET in urban area was only 348 mm. We attributed this inconsistence to the impact of anthropogenic heat and quantified this impact on the basis of the night-light maps. Therefore, a new model SEBS-Urban, coupling SEBS model and anthropogenic heat was developed to estimate the ET in urban area. The ET in urban area of Beijing estimated by SEBS-Urban showed a good agreement with the ET from water balance method. The findings from this study highlighted that anthropogenic heat should be included in the surface energy budget for a highly urbanized area.
Introduction
Urbanization is progressing at a rapid rate on a global scale. Over half of population now lives in urban area, and by 2050 that fraction is expected to exceed 70% (Bratman et al., 2015; Heilig, 2012) . Natural terrains are continuously converted to urban landscapes to meet the ever-increasing demand of the expanding urban population . The surface and atmospheric conditions in urban areas are modified, resulting in large variation of regional hydroclimate and energy balance (Oke, 2002; Tam et al., 2015; Yang et al., 2016; Zhang et al., 2009; Zhong et al., 2015) . In addition, human * Corresponding author (email: congzht@tsinghua.edu.cn) activities make cities more vulnerable to a number of water resource problems (Bai and Imura, 2001; Iglesias et al., 2007; Jiang, 2009; Paul and Meyer, 2008) . Therefore, further understanding of water cycle and energy balance in urban areas is necessary for future water resources planning.
Evapotranspiration (ET) is a combination of two processes: evaporation of liquid water from various surfaces and transpiration from the plants through stomata (Allen et al., 1998) . It is a major component of water cycle and plays a vital role in surface energy balance system. In urban areas, ET research is central to green spaces irrigation, water consumption monitoring as well as the mechanism by which rainfall retention capacity is recovered between storm events. Common ET estimation procedures were developed for agricultural applications, however, researches on ET remained limited in urban areas (DiGiovanni et al., 2012; Grimmond and Oke, 1991; Zheng, 2012) . In that regard, reliable estimation of urban ET is of particular importance for development of urban hydrology and water resource management.
A number of methods have been developed to estimate ET, including water balance method (Alley, 1984; Granier et al., 1999; Long and Singh, 2010; Palmroth et al., 2010; Senay et al., 2011; Xu and Singh, 2005) , meteorological method (Alexandris et al., 2008; McMahon et al., 2013; Penman, 1948; Priestley and Taylor, 1972; Sumner and Jacobs, 2005) and remotely-sensed energy balance model (Allen et al., 2007; Bastiaanssen et al., 1998; Roerink et al., 2000; Su, 2002) . For the acquisition of free information at all scales, remote sensing data has been extensively applied in numerous fields. The most popular remotely-sensed models include the Surface Energy Balance System (SEBS) (Su, 2002) , the Surface Energy Balance Algorithm for Land (SEBAL) (Bastiaanssen et al., 1998) , and the Mapping Evapotranspiration at High Resolution with Internalized Calibration (METRIC) (Allen et al., 2007) , which have been widely used in ET estimation from regional to continental scales.
In ET estimation, remote sensing based methods provide a feasible alternative to the spatiotemporal characteristics of ET at different scales, which have advantages over the other approaches. In traditional remotely sensed models, the anthropogenic heat and net advection are negligible in energy balance equation. However, in cities anthropogenic heat from human metabolism, vehicles and building heat emissions is a significant contribution to the surface energy budget (Allen et al., 2011; McCarthy et al., 2010; Sailor, 2011) . Anthropogenic heat is 0.028 W m −2 on global average, while localized estimation ranges from tens to hundreds of W m −2 and even as high as 1590 W m −2 for the extreme business district of Tokyo (Flanner, 2009; Ichinose et al., 1999; Kłysik, 1996; Pigeon et al., 2007; Sailor and Lu, 2004) . Therefore, the impacts of anthropogenic heat are usually considerable and should be included in the surface energy budget for a highly urbanized area.
In this study, we hypothesize that ET was equal to the water consumption in the study area. The objectives of this study were (1) to estimate annual ET in Beijing based on water balance model and the original SEBS model; (2) to consider the influence of anthropogenic heat on ET in Beijing by a modified SEBS model (will be called as SEBS-Urban in the following); (3) to discuss the results and uncertainties in ET estimation.
Study area and data

Study area
Beijing (115°25′-117°30′E, 39°26′-41°04′N), the capital of China, is located at North China Plain with a coverage of about 16410 km 2 ( Figure 1a) . The region has a typical temperate and monsoonal climate, with an annual mean rainfall of 576 mm and an annual mean temperature of about 12.5°C from 1961 to 2010 (Li and Yang, 2015; You et al., 2012) . Beijing is the political and cultural center of China, with a history of over 3000 years and a permanent population of more than 20 million (Beijing Municipal Bureau of Statistics, 2012, website: http://www.bjstats.gov.cn/English/MR/ Population/ 201603/t20160303_337912.html). However, it is one of the most water-deficient metropolises in the world. The per capita water resources available is about 150 m 3 in Beijing in 2012, which is far below the international minimum standard of 1000 m 3 per capita defined by the United Nations (Wang and Wang, 2005) . There are many water regulation projects in the city and the Miyun reservoir is the primary project to ensure potable water for Beijing.
Woodland, farmland and urban land are the major land use types in Beijing (Figure 1b ) and the geography of the city is characterized by alluvial plains in the southeast and mountains in the north and west (Figure 1c ). In this study, Beijing was divided into a mountain area of 10174 km 2 and a plain area of 6236 km 2 in accordance with elevation and surface heterogeneity. Based on the land use data, the plain area was further subdivided into urban area and suburban area, which are changing over time with average of 1154 km 2 and 5082 km 2 , respectively ( Figure 1a ).
Data
Data for water balance method
The data used in water balance method were mainly collected from the Beijing Water Resources Bulletin (Beijing Water Authority, website: http://www.bjwater.gov.cn/pub/bjwater/zfgk/tjxx/index_1.html) and Beijing Statistical Yearbook (Beijing Municipal Bureau of Statistics, website: http://www.bjstats.gov.cn/tjsj/). Due to the limited resources, the study concentrated on the period from 2003 to 2012. In addition, the divisional precipitation was estimated based on the combination of meteorological stations and local precipitation contour maps.
Data for remote sensing models
Remote sensing products are the key inputs to SEBS model. The information of the input data are listed in Table 1 . In this study, emissivity, LAI, NDVI, LST and land use data were derived from MODIS standard products (website: http://reverb.echo.nasa.gov/). Land surface albedo was retrieved using the algorithm proposed by Liang (2001) . NDVI values were scaled to fractional vegetation cover as follow (Gillies and Carlson, 1995) : where, fc is fractional vegetation cover, NDVImin is the minimum NDVI, which can be estimated as the averaged NDVI for bare soil, NDVImax is the maximum NDVI, which can be estimated as the averaged NDVI for forest. Meteorological elements including air temperature, pressure, specific humidity, wind speed, downward shortwave radiation and downward longwave radiation were collected from China Meteorological Forcing Dataset (He and Yang, 2011) . The evaluation of anthropogenic heat was based on the remote sensing nighttime lights data, a product of DMSP/OLS (website: http://ngdc.noaa.gov/eog/). All the information was interpolated into daily maps at 500 m resolution, using the linear interpolation method.
The quality of remote sensing image is affected by weather condition. In this study, only the cloud-free days with highquality images of MODIS were selected for the analysis. The average selected days in the study period are 74.
Methodology
Water balance method
It was assumed that ET was equal to the water consumption in the study area. Based on the water balance equation, the annual ET can be estimated as follow:
Eqs. (2)- (6) are for the entire area, mountainous area, plain area, urban area and suburb area, respectively, where ET is the annual evapotranspiration, mm; P is the annual precipitation, mm; Si is the annual surface inflow, i.e. the supply from runoff and South-North Water Transfer Project, 10 8 m 3 ; So is the annual surface outflow, 10 8 m 3 ; Gi is the annual groundwater input, 10 8 m 3 ; Go is the annual groundwater outflow, 10 8 m 3 , and it was assumed that Go equaled Gi in this study; ΔS is the variation in surface water storage, 10 8 m 3 , estimating from change in reservoir storage; ΔG is the variation in groundwater storage, 10 8 m 3 ; A is the corresponding area, km 2 . Figure 2 shows the water balance of subareas in Beijing. Note that in mountainous area, Smi was estimated as the annual runoff supply; Smo was calculated as surface water resources in mountainous area; Gmi was equal to Gi; Gmo was regarded as water supply from mountainous area to plain area; ΔGm was generally neglected due to few extraction of groundwater and the self-adjustment of ecosystem; and ΔSm was equal to ΔS. When it comes to plain area, Spi was considered as the sum of Smo and annual supply from South-North Water Transfer Project; Spo, Gpi, Gpo and ΔGp were equal to So, Gmo, Go, and ΔG, respectively; and ΔSp was neglected considering that there were few large scale reservoirs in plain area. As for urban area, Sui was estimated as the difference between water supply (includes industrial, domestic and ecological water use) and underground water exploited in urban area; Suo was considered as urban drainage; Gui was estimated according to the underground supply from mountainous area; Guo was neglected due to the intensive extraction of underground water in urban area; ΔGu was calculated as ΔGu=ΔG×Au/Ap; and ΔSu was neglected. With regard to suburb area, Ssi, Sso, Gsi, Gso ΔGs and ΔSs were calculated as the differences between the corresponding items in plain area and urban area.
Surface energy balance system (SEBS) model
The Surface Energy Balance System (SEBS) was developed by Su (2002) for the estimation of turbulent heat fluxes and the daily evapotranspiration using remote sensing data. Only the main SEBS equations and concepts are presented in this paper, further details were given by Su et al. (2001) and Su (2002) . The SEBS algorithm is based on the energy balance equation expressed as:
where, Rn is net radiation, W m H is sensible heat flux, W m -2 and λET is the latent heat flux, W m -2 (λ is the latent heat of vapourization and ET is evapotranspiration). Rn is calculated by:
where α is albedo, Rswd is downward shortwave radiation, W m −2
; Rlwd is downward longwave radiation, W m −2
; ε is emissivity; σ is the Stefan-Boltzmann constant, W m −2 K −4
; and T0 is surface temperature, K.
The soil heat flux is calculated taking into account fractional vegetation cover:
where, fc is fractional vegetation cover; Γc=0.05 (dimensionless) for full vegetation cover and Γs=0.315 (dimensionless) for bare soil. An interpolation is then performed between the two limiting cases based on fc.
For deriving the sensible and latent heat flux, the similarity theory was used. In SEBS model, distinction were made between the Atmospheric Boundary Layer (ABL) and the Atmospheric Surface Layer (ASL). Since the field measurements were performed in ASL, the Monin-Obukhov Similarity (MOS) functions by Brutsaert (1999) were used. For stable conditions in ASL, the equations proposed by Beljaars and Holtslag (1991) and van den Hurk and Holtslag (1997) were used, while in ABL the functions proposed by Brutsaert (1982) were used. The MOS expressions are not presented in this paper.
The roughness height for momentum transfer and roughness height for heat transfer were calculated taking into account the canopy height h and reference height zref. The equations were given by Su et al. (2001) and Su (2002) based on surface layer similarity theory (Brutsaert, 1982) : 
where, z0m is the roughness height for momentum transfer; h is the canopy height; d0 is the displacement height; k is the von Karman constant with a numeric value of 0.4; u(h) is the horizontal wind speed at the canopy top; u * is the friction velocity; nec is the within-canopy wind speed profile extinction; Cd is the drag coefficient taken as 0.2; LAI is the leaf area index; uref is the reference wind speed; zref is the reference height; and B −1 is the inverse Stanton number. See Su (2002) for more details.
In this study, the essential parameter h was estimated in accordance with different land use types from MODIS. The land use types were reclassified into 10 types based on the definition given by International Geosphere-Biosphere Programme (IGBP) and the corresponding values of canopy height were obtained from relative researches in Beijing ( Table 2) . The value of H was then determined by considering the dry-limit and wet-limit conditions. Under dry-limit condition (soil moisture at limiting cases), the latent heat becomes zero while the sensible heat flux is at its maximum value. By definition, from eq. (7), it follows that: 
Then the evaporative fraction, Λ was expressed as:
By inverting eq. (12), the latent heat can be calculated as:
Actual ET converted to water depth in mm per time unit was then calculated by ET=λET/(λ·ρw), where ρw is the density of water kg m −3 (Jia et al., 2009 ). Note that satellite images provide for the instantaneous observation in time, therefore, daily ET was derived by assuming that the evaporative fraction remain constant throughout the day (Jia et al., 2009; Sugita and Brutsaert, 1991 ). The daily ET was then given by: ; λ is the latent heat of vapourization taken as 2.45×10 6 J kg −1 . Since the ET was estimated from discrete remote sensing images, to produce time series of ET, the crop coefficient method proposed by Allen et al. (2000) was used for reference in this study. Researches indicate that crop coefficient method is generally sufficient to estimate time series of ET, also on a monthly basis (Morse et al., 2000; Allen et al., 2001 Allen et al., , 2007 . Thus this method is considered valid for extending ET series in Beijing, where the image intervals are no more than two weeks.
The crop coefficient is basically the ratio of actual ET to the reference evapotranspiration (ET0). The crop coefficient method interpolated the crop coefficients derived from remotely sensed actual ET and corresponding ET0 for the days of image available. Then combining the interpolated crop coefficient with ET0, actual ET for days without good quality images could be inferred, which was formulated as:
where, ETperiod represents the accumulated actual ET for a period with beginning day b and ending day f, which are cloud-free days; ETb and ETf are the actual ET derived from the beginning day and ending day, respectively; ET0b and ET0f are the corresponding reference ET for the beginning day and ending day, respectively; and ET0i is the reference ET for day i. In this study, the reference ET was calculated using FAO-Penman-Monteith equation (Allen et al., 1998) .
SEBS-Urban model
In traditional remote sensing-based models, the anthropogenic heat and net advection are neglected in energy balance equation. However, in metropolis with intensive human activities, anthropogenic heat would contribute significantly to the surface energy budget (Allen et al., 2011; McCarthy et al., 2010; Sailor, 2011 . (Nie et al., 2014; Tong et al., 2004) . In this section, anthropogenic heat was quantified to estimate ET in Beijing by a modified SEBS model. Therefore, the energy balance equation was given as:
where, Rn is net radiation, W m . The evaluation of anthropogenic heat was based on the remote sensing product of DMSP/OLS, which provide annual averaged nighttime lights maps with numeric values range from 0 to 63. In this study, the threshold value was defined as 52 for separating the anthropogenic heat-impacted areas from the anthropogenic heat-free areas (Shu et al., 2011) . The values of anthropogenic heat were set as a range from 50 to 75 W m −2 for summer and winter, and 30 W m −2 to 50 W m −2 for spring and autumn, on the basis of researches conducted by Nie et al. (2014) and Tong et al. (2004) . Then the corresponding light intensity limits were 52 and 63 and the internal values were produced by linear interpolation. Therefore, the value of anthropogenic heat was given as: ) and Qfu1 (75 W m −2 ) are the lower limit and upper limit of anthropogenic heat, respectively; I is the numeric value of light intensity; Imax is the maximum light intensity with a value of 63; Imin is the minimum light intensity set as 52, i.e. the threshold value for identifying the anthropogenic heat-impacted areas.
Eq. (23) 
Results and discussions
ET estimated by water balance method
ET estimation of each subarea based on water balance method from 2003 to 2012 are listed in Table 3 . It can be seen that the average ET in Beijing from 2003 to 2012 was 517 mm, which was roughly equivalent to average precipitation of 523 mm. This indicates that Beijing made little contribution to the water resources of Hai River Basin. It should be noted that averaged annual ET in urban area was the highest among all subareas (654 mm), while the lowest in mountainous area (472 mm). Figure 3a and b shows the averaged ET and water input/output over the decade in entire Beijing and urban area, respectively. According to Figure 3 , precipitation made up most of ET in entire Beijing at a long-term scale, however, as for urban area surface inflow and precipitation both contributed greatly to ET. Figure 4 illustrates the time series of ET estimated by water balance method in subareas of Beijing from 2003 to 2012. It can also be observed that ET in urban area was generally higher than other areas. Additionally, relative smooth changes in ET were observed in plain area and suburban area, while a dramatic variation was shown in mountainous area. This may be attributed to the significant fluctuation of rainfall received in mountain region. 
ET estimated by original SEBS
The annual ET values estimated from original SEBS are listed in Table 3 . It represents a contrary results from water balance method that mountainous area has the highest average ET of 546 mm, while urban area has the lowest average ET of 348 mm. In this study, 2003, 2006, 2009 and 2012 had been selected as the typical years for comparison. The spatial variability of annual ET was significant large over the entire Beijing and the lowest ET was found in urban area ( Figure 5 ).
ET estimated by SEBS-Urban
The annual ET calculated using SEBS-Urban are listed in Table 3 . It can be seen that annual ET in urban area was the highest among all subareas (652 mm), while the lowest in mountainous area (549 mm), which was coincident with the result from water balance method. ET spatial patterns vary dramatically over the entire Beijing as illustrated by Figure  5 . It can be observed that higher ET values across the study region were yielded in urban area, and an increasingly trend was also observed from 2003 to 2012.
Comparison of ET estimated by different methods
The relationships between ET estimation from water balance method and remotely-sensed models in subareas of Beijing from 2003 to 2012 are demonstrated in Figure 6 , and the corresponding ET values are given in Table 3 . It should be noted that averaged annual ET in urban area was the highest among all subareas using water balance method (654 mm) and SEBE-Urban (652 mm). The anthropogenic heat-impacted areas were extracted from the night-light maps with a numeric value greater than 52, and the variation is demonstrated in Figures Figure 7) . In urban area, the existence of water bodies (e.g. artificial lakes and moats) and constant irrigation for gardens, lawns and other greenbelts provide sufficient water for ET purposes. On the other hand, anthropogenic heat emission from human metabolism, industrial sector, vehicles and buildings contribute greatly to the surface energy budget (Allen et al., 2011; McCarthy et al., 2010; Sailor, 2011) . These two reasons above can result in a wet-limit condition (energy at limiting cases), which could be a main ET additional part compared to suburban area. Moreover, domestic water use in the buildings could also be a main additional part of ET. The teeming industrial hubs, vehicle exhaust, and densely populated make the heart of Beijing city particularly concentrated with anthropogenic heat. Therefore, the regions with high value of anthropogenic heat could be the main ET additional parts compared to suburban area. It can also be observed that ET values estimated by SEBS-Urban showed an agreement with water balance-based estimates in urban area, suburban area and plain area, where ET values were underestimated by SEBS (Figure 6c-e) . Specifically, compared to water balance method, a very high correlation coefficient (0.97) as well as small Bias (−0.24%) were showed in urban area by SEBS-Urban, while a sharp underestimation in ET values from SEBS was observed in urban area (−46.84%). In addition, the results from SEBS and SEBS-Urban were approximately equal in mountainous area ( Figure  6b ), which were in accord with the fact that the anthropogenic heat-free areas distribute mostly in mountainous area. This provides an insight on how greatly anthropogenic heat impact on ET. Therefore, this heat should be included in the urban surface energy budget for an accurate estimation of ET in the highly urbanized areas. 
Uncertainty analysis
It should be noted that there were some uncertainties existed in ET estimation. As for water balance model, the groundwater inflow was assumed to be equal to groundwater outflow in Beijing city due to the lack of measured data, which would produce uncertainty in ET estimation. Besides, uncertainties could also come from the annual precipitation in subareas, which were estimated according to meterological stations and local precipitation contour map. In remote sensing-based methods, a major concern is the quality of satellite image which are greatly influenced by weather condition in the study region. The uncertainties were somehow generated from the subjective selection of the cloud-free days in the year. Actually aerosol can contribute to additional large-scale decrease in radiation budget in the metropolises like Beijing (Charlson et al., 1992; Hansen et al., 1997; Haywood and Shine, 1995; Kushta et al., 2014; Papayannis et al., 1998) . In this study, the long time scale extension was based on the ratio of estimated ET0 and the corresponding ET0 for the days of image available, then the actual ET for days without good quality images could be inferred. Note that aerosol played an essential role in sunshine duration, which has a great influence on net radiation, and then the ET0. Therefore, aerosol effect was not considered in the estimation of cloud-free days ET, but was implicitly considered in the crop coefficient method which was used to extend time series of ET. However, the extension of long-time series of ET would lead to some uncertainties if the intervals between images available were not accordance with the actual case.
Conclusions
In this study, water balance method, energy balance model SEBS and SEBS-Urban were used to estimate ET of Beijing from 2003 to 2012. Our results have shown that:
(1) Based on water balance method, the average ET over 2003 to 2012 was 517 mm in entire Beijing. The urban area had the highest ET value (654 mm), while the mountainous area had the lowest value (472 mm).
(2) Using SEBS model, the annual average ET in urban area was sharply underestimated with a value of 348 mm. By the modified model SEBS-Urban, annual average ET in urban area was the highest among all subareas (652 mm), while the lowest in mountainous area (549 mm), which was coincident with the result from water balance method.
(3) Time series of ET estimated by SEBS-Urban showed a good agreement with water balance method in urban area.
The results indicate that anthropogenic heat should be included in the surface energy budget for a highly urbanized area. Further study should focus on detailed analysis on the evaluation of anthropogenic heat as well as the impact of net advection.
